Transformation of human cells from a thymidine kinase (ATP:thymidine 5'-phosphotransferase, EC 2.7.1.75)negative to a thymidine kinase-positive phenotype has been achieved by using pd DNA from herpes simplex virus type 2. The specific activityo tLieDNA was in the range 0.5 to 2.0 transformants per jig and the efficiency of gene transfer was up to 1 transformant per 105 recipient cells. Several transformed lines able to grow continuously in medium selective for thymidine kinase-positive cells have been established. All of these lines express a thymidine kinase activity of viral origin but they differ from each other in the stability of enzyme expression. Subclones derived from a given transformed line inherited the degree of stability of the parental line. The ability to use pure DNA to transfer genes between cultured mammalian cells would be of considerable importance to studies on the genetics of higher organisms. Although the transfer of viral genes that induce oncogenic transformation of cultured cells can be achieved routinely with purified viral DNA (1) and is likely to involve events similar to those expected to occur in the transfer of other types of genes, neither the viral gene products responsible for oncogenic transformation nor their functions are well defined. Consequently, oncogenic transformation is not a suitable model system for studying the characteristics of gene transfer in general. However, it is well established that herpes simplex viruses (HSV) code for a thymidine kinase (ATP:thymidine 5'-phosphotransferase, EC 2.7.1.75) (TK) (2) and that this enzyme can be transferred to thymidine kinase-deficient (TK-) cells by transformation with UV-inactivated HSV-1 or HSV-2 (3) or with temperaturesensitive mutants of these viruses (4). The viral TK is well characterized and can be easily distinguished from most mammalian cell TKs (2). Moreover, a number of TK-mammalian cell lines are available as recipients for the viral enzyme. Thus, the transfer of TK would appear to be an excellent model system for studying gene transfer between mammalian cells.
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Our aim is to learn how viral genes are processed by recipient mammalian cells-i.e., whether and how they become integrated into the recipient cell genome, how their expression is controlled, and what determines the efficiency of these processes. Studies such as these hopefully may lead to DNA-mediated transfer of genes between mammalian cells as well as to a better understanding of some of the processes involved in oncogenic transformation. In this article we describe the transfer of the HSV-2 TK to human TK-cells by infection with purified HSV-2 DNA and the preliminary characterization of the resulting transformed lines.
MATERIALS AND METHODS
Cells and Virus. A line of TK-human cells, 143, derived from the murine sarcoma virus-transformed line R970-5 (5) by selection with BrdUrd at 60 ,g/ml (K. Huebner and C. Croce, personal communication) was used as recipient for the HSV-2 TK gene. (We. are grateful to K. Huebner and C. Croce for providing both cell lines to us.) The lines were routinely grown in monolayer cultures in a minimal essential medium (a-MEM) (6) (nonselective medium) plus 10% fetal calf serum. Transformed lines were grown in a-MEM containing 0.1 mM hypoxanthine, 1 ,uM aminopterin, and 40 1tM thymidine (a-HAT medium), selective for TK+ cells (7) . For experimental purposes the transformed lines sometimes were grown or plated in counterselective medium-a-MEM containing BrdUrd at 30 Asg/ml (a-BrdUrd)-selective for TK-cells; in this case, the lines were first either extensively washed free of HAT medium or were cultured for at least one passage in a-MEM. All lines were routinely subcultured twice weekly with a split ratio of 1:6 to 1:8. Periodic checks of cultures for mycoplasma contamination (8) were negative.
HSV-2, strain 219 (9), was propagated in Vero cells (multiplicity of infection = 0.5 plaque-forming units per cell) and harvested 24 hr after infection. Virus suspensions prepared from sonicated cell pellets were stored at -700.
DNA Purification. Total DNA (cellular plus viral) was extracted from HSV-2 infected Vero cells (multiplicity of infection = 0.5 plaque-forming units per cell) at approximately 24 hr after infection by lysis of the cells with 0.2% (wt/vol) sodium dodecyl sulfate and digestion with Pronase (0.5 mg/ml in 10 mM Tris-HCl, pH 8.0/10 mM EDTA) followed by two phenol extractions and precipitation of the nucleic acids with ethanol. The viral DNA was then purified by two cycles of buoyant density centrifugation in NaO gradients containing ethidium bromide (10) . DNA extracted from infected cells usually contained 20-30% viral DNA, as determined by analytical buoyant density centrifugation in CsCl (Fig. 1) . After one cycle of centrifugation in NaI gradients the percentage of viral DNA was increased to about 80%, and after the second cycle it was more than 95%. After removal of the ethidium bromide (11), the DNA was dialyzed extensively against 10 Davis (16) except that, following Kit et al. (17) , the gels and cathode buffer contained 0.2 mM thymidine and 2 mM ATP. After electrophoresis for 100 min at 3 mA per gel and 40, the gels were fractionated into 2-mm-thick slices that were assayed for TK activity as above (15) treated with DNA in the absence of Ca2+ or with DNA predigested with DNase, ng surviving colonies were observed. The spontaneous reversion rate (TK-to TK+) of cell line 143 was estimated to be less than 10-8 (in agreement with findings of K. Huebner and C. Croce, personal communication). Several colonies were isolated from DNA-treated cultures, and lines growing continuously in a-HAT were established from all of them.
TK Activity of the Transformed Lines. Two types of study were carried out to verify that the TK expressed by the transformed cells was of viral and not cellular origin. First, the thermal lability of the TK in all of the DNA-transformed lines was found to be similar to that of the TK expressed in 143 cell line cells lytically infected with HSV-2 and clearly distinguishable from the lability of the enzyme in human R970-5 (TK+) cells. Second, polyacrylamide gel electrophoresis (Fig.  3) indicated that the TK from crude extracts of DNA-transformed cells migrated at a rate similar to that of the viral enzyme (RF = 0.6) and significantly greater than that of the enzyme from R970-5 cells (RF = 0.2). All of the clones tested gave similar results. From the properties of the TK expressed in transformed cells as well as from the fact that spontaneous revertants of 143 cell line cells were never observed, we conclude that the transformed cells expressed an enzymatic activity coded for by the HSV-2 genome.
Stability of Expression of TK Activity in Transformed Lines. The stability of expression of the viral TK in cell lines derived from DNA-transformed colonies was examined in a number of ways. When the lines were maintained in a-HAT (selective for TK+ cells) they all continued to grow (up to approximately 120 cell doublings at the present time) without indication of a "crisis" or significant reduction in their growth rate. However, distinct differences between cell lines became apparent when plating efficiencies in counterselective medium (a-BrdUrd) were assayed for each line growing continuously in a-HAT or in nonselective a-MEM (Table 1) . Among the most stable lines were AC3 and AC4, in that early after isolation as well as after prolonged culture in a-HAT or a-MEM they contained a fairly low (less than 5% and 1%, respectively) and constant fraction of BrdUrd-resistant cells (i.e., cells that had presumably lost or were not expressing TK activity). On the other hand, in the AC5 line the fraction of BrdUrd-resistant cells remained low (0.1-0.2%) as long as the line was kept under selective pressure but increased progressively up to 80% upon The most interesting results emerged when transformed lines growing in a-HAT or a-MEM were plated directly in the latter prior to being labeled. Under this condition both TK+ and TKcells could form colonies and, as expected, totally positive and totally negative colonies were observed (Fig. 4A) . Their relative percentages were in approximate agreement with the plating efficiency values obtained in a-HAT and in a-BrdUrd (Table  1 ). In addition to these colonies, however, a significant percentage of mixed colonies (colonies only partially labeled) was observed, especially in the least stable lines. Their labeling 0  100  2  99  5  100  15  99  0  100  0  100  0  100  2  98  0  100  7  68  15  54  28   15  34  20   2  100   1  100  2  48  2  57  2  4  2  67  2  99  2  99  2  97  2  100  2  100   2  100  2  100  2  99   24  26  17  16  4  45  45  41  12  48  32  1 BrdUrd to the sum of the plating efficiencies in both media, this latter value being approximately equal to the plating efficiency in nonselective medium. Derived from parental lines at the passages in a-HAT indicated in parentheses, then cultured in a-HAT followed by a-MEM as indicated.
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